Objective: To determine the extent of mitochondrial DNA (mtDNA) damage in systemic lupus erythematosus (SLE) patients compared to healthy subjects and to determine the factors associated with mtDNA damage among SLE patients. Methods: A cross-sectional study was performed in 86 SLE patients (per American College of Rheumatology classification criteria) and 86 healthy individuals matched for age and gender. Peripheral blood mononuclear cells (PBMCs) were collected from subjects to assess the relative amounts of mtDNA damage. Quantitative polymerase chain reaction assay was used to measure the frequency of mtDNA lesions and mtDNA abundance. Socioeconomic-demographic features, clinical manifestations, pharmacologic treatment, disease activity, and damage accrual were determined. Statistical analyses were performed using t test, pairwise correlation, and Pearson's chi-square test (or Fisher's exact test) as appropriate. Results: Among SLE patients, 93.0% were women. The mean (SD) age was 38.0 (10.4) years and the mean (SD) disease duration was 8.7 (7.5) years. SLE patients exhibited increased levels of mtDNA damage as shown by higher levels of mtDNA lesions and decreased mtDNA abundance as compared to healthy individuals. There was a negative correlation between disease damage and mtDNA abundance and a positive correlation between mtDNA lesions and disease duration. No association was found between disease activity and mtDNA damage. Conclusion: PBMCs from SLE patients exhibited more mtDNA damage compared to healthy subjects. Higher levels of mtDNA damage were observed among SLE patients with major organ involvement and damage accrual. These results suggest that mtDNA damage have a potential role in the pathogenesis of SLE. Lupus (2014) 23, 1133-1141.
Introduction
Systemic lupus erythematosus (SLE) is a chronic autoimmune disease of unknown etiology characterized by dysfunction of T and B cells, the formation of antinuclear antibodies and immune complexes, inflammation, and organ dysfunction. 1 Although both genetic and environmental factors are involved in the pathogenesis of SLE, the molecular mechanisms contributing to disease pathology and progression remain unclear. A leading hypothesis is that oxidative stress and mitochondrial dysfunction play a significant role in SLE pathogenesis.
Mitochondrial dysfunction has been associated with aging and diverse human diseases such as diabetes and neurodegenerative disorders, [2] [3] [4] and recently to autoimmunity. 5 The link of mitochondria with autoimmune diseases may be related to their role in triggering apoptosis and the activation and proliferation of peripheral lymphocytes, 6 processes that require the generation of ATP by functional mitochondria. Moreover, mitochondria are the principal sources of endogenous reactive oxygen species (ROS) generated as by-products of oxidative phosphorylation, 7 which in turn modulate T cell activation, cytokine production and cell survival. 1, 16, 8, 9 However, ROS can inflict damage to DNA, lipids and proteins 10 and lead to decreased mitochondrial function and tissue dysfunction in SLE. 11 Mitochondrial dysfunction in SLE is associated with increased ROS generation, increased mitochondrial transmembrane potential, reduced generation of ATP and increased mitochondrial mass. 6, 8, 12 The mammalian mitochondrial DNA (mtDNA) is localized in the mitochondrial matrix. MtDNA is a 16.5 kb double-stranded, closed-circular molecule that encodes 13 proteins of the electron transport chain (ETC) that are essential to the process oxidative phosphorylation and thus, for ATP production. 13, 14 MtDNA is highly vulnerable to ROS-induced oxidative damage, 15 probably owing to the limited actions of mtDNA repair mechanisms and its close exposure to a major intracellular ROS generation site. As a result, mtDNA is at risk for oxidative damage and consequently it may contribute to altered energy metabolism and tissue dysfunction. Furthermore, mtDNA variants in SLE have been associated with mitochondrial dysfunction, increased levels of oxidative stress and disease susceptibility. 16, 17 One mechanism that may be contributing to mitochondrial dysfunction and thus, to the pathogenesis of SLE, is oxidative stress. Levels of lipid peroxidation and protein oxidation products are significantly increased in serum from SLE patients as compared to healthy subjects, and correlate with disease activity. [18] [19] [20] [21] [22] In addition, urine levels of lipid peroxidation products are elevated in SLE patients 23 and are associated with higher disease activity and fatigue. 24 Levels of protein carbonyls are higher in lupus patients and correlate with the severity of the disease. 25, 26 Furthermore, ROS and lipid peroxidation products are significantly increased in SLE lymphocytes and levels of glutathione are reduced in SLE patients versus healthy controls. 27 Consistent with increased oxidative stress levels in SLE, the activity of antioxidant enzymes is significantly reduced in lupus patients compared with healthy controls. 18, 20, 22 However, the role of oxidative damage to the mtDNA in the pathogenesis and progression of SLE remains unexplored. We hypothesized that mtDNA damage plays a critical role in the pathogenesis of SLE. To address this hypothesis, first, we compared the extent of mtDNA damage in peripheral blood mononuclear cells (PBMCs) between SLE patients and healthy individuals, and second, we determined the association of mtDNA damage with major organ involvement, disease activity, and damage accrual among SLE patients.
Methods

Patient Population
A cross-sectional study was performed in 86 adult Puerto Rican patients with SLE and 86 healthy individuals matched for age and sex. Patients were enrolled from November 2009 to May 2010. SLE patients were recruited at the lupus clinics of the University of Puerto Rico Medical Sciences Campus in San Juan, Puerto Rico. All SLE patients were !21 years of age and fulfilled at least four of the eleven American College of Rheumatology (ACR) classification criteria for SLE. 28, 29 The study was approved by the Institutional Review Board of the University of Puerto Rico Medical Sciences Campus Human Research Protection Office and all subjects gave written informed consent.
Prior to study visit, patients had routine visits at 3-month intervals. Additional visits were scheduled as needed per disease activity or complications. At each routine visit, a structured questionnaire was completed for each patient to gather information about demographic parameters, health-related behaviors, clinical manifestations, laboratory tests (complete blood cell count, comprehensive metabolic panel, urine analysis, erythrocyte sedimentation rate (ESR), lipid panel, anti-dsDNA antibodies, and C3 and C4 complement levels) pharmacologic treatment, disease activity and disease damage. For all patients, a lupus autoantibody panel was performed at the time of SLE diagnosis.
Variables
Variables from sociodemographic, health-related behaviors, clinical, immunologic and pharmacologic domains were studied in SLE patients. Sociodemographic factors health-related behaviors and body mass index (BMI) were determined in healthy subjects. Socioeconomic-demographic parameters included age, gender, years of education, family income, and type of health insurance (private vs. government). Health-related behavior features included cigarette smoking. For lupus patients age at diagnosis was defined as the time at which a patient met ACR criteria for SLE and disease duration was defined as time interval between SLE diagnosis and study visit.
The clinical domain included the assessment of SLE manifestations, immunologic abnormalities, comorbidities, disease activity, disease damage, and pharmacologic therapy. Cumulative SLE clinical manifestations were determined as defined in the ACR classification criteria for SLE. 28, 29 The following serologic tests were determined: antinuclear (ANA), anti-double stranded DNA (dsDNA), anti-Smith (Sm), anti-small nuclear ribonucleoparticle (snRNP), anti-Ro (SSA), antiLa (SSB), and antiphospholipid antibodies, and serum complements (C3 and C4). Selected comorbidities were recorded including diabetes mellitus, hypertension, coronary artery disease, cerebrovascular events, peripheral artery disease, venous thromboembolism, and hypothyroidism. Disease activity was determined with the Systemic Lupus Erythematosus Disease Activity Index (SLEDAI) (30) and the Systemic Lupus Disease Activity Measure (SLAM). 31, 32 Disease damage was assessed with the Systemic Lupus International Collaborating Clinics/American College of Rheumatology (SLICC) Damage Index (SDI). 33 Cumulative and current exposure to glucocorticoids, hydroxychloroquine, cyclophosphamide, methotrexate, mycophenolate mofetil, azathioprine, angiotensin converting enzyme (ACE) inhibitors/angiotensin receptor blockers, statins, and aspirin was also examined.
Major organ involvement attributed to SLE was defined as the presence of renal disease (proteinuria >0.5 gm/24 hours, cellular casts, lupus nephritis by biopsy, glomerular filtration rate <50%, or endstage renal disease), central nervous system involvement (seizures, psychosis, cognitive impairment/ organic brain syndrome or cerebrovascular accidents) cardiac involvement (lupus-associated cardiomyopathy or valvular disease, cardiac tamponade, or large pericardial effusions) or pulmonary disease (pulmonary fibrosis or pulmonary hypertension).
Assessment of mitochondrial DNA damage and mtDNA relative abundance/copy number by Quantitative PCR DNA isolation, quantitation, mtDNA damage and abundance analyses were performed as previously described by our laboratory. 34, 35 For assessing DNA damage we used samples showing high molecular weight genomic DNA with no evidence of degradation products. To measure mtDNA damage we employed a quantitative PCR assay that relies on the principle that oxidative lesions present in the DNA will interrupt the movement of the thermostable polymerase resulting in decreased replication of the DNA amplicon. Consequently, the presence of DNA lesions results in a decrease in the amplification of the fragment of interest. An 8.9 kb human mitochondrial fragment was amplified using the MasterAmp TM Extra-long PCR reagents (Epicentre) with an initial denaturation for 45 seconds at 94 C followed by 23 cycles of 94 C and 15 seconds denaturation and anneling/ extension steps at 68 C for 12 minutes. A final extension reaction was performed at 72 C for 10 minutes. The following primer nucleotide sequences were used for the amplification of the 8.9 kb human mitochondrial fragment: 5'-CT AAG CCT CCT TAT TCG AGC CGA-3' (5999-sense) and 5'-TTT CAT CAT GCG GAG ATG TTG GAT GG-3' (14841-antisense). The amplification of a 117 bp mtDNA fragment was performed to measure the levels of mtDNA molecules/abundance. The likelihood of an oxidative lesion being introduced into such a small fragment is low and therefore, the amplification is independent of the presence of lesions, thus providing a measure of mtDNA abundance. The 117 bp mtDNA fragment was amplified using an initial denaturation at 94 C for 1 minute followed by 18 cycles of denaturation for 1 minute at 94 C, annealing/extension at 66 C for 45 seconds and extension at 72 C for 45 seconds. The nucleotide sequences used for the amplification of the 117 bp mitochondrial fragment were the following: 5'-CAT GCA AGC ATC CCC GTT CC-3' (694-sense) and 5'-CTG TTT CCC GTG GGG GT GTG -3' (817-antisense). Relative copy numbers were calculated comparing PBMCs from SLE patients to those of the healthy individuals.
Calculations of mtDNA lesion frequency
The DNA lesion frequency per strand was calculated using the Poisson equation as we previously described 36 . Because the amplification of the DNA fragment is directly proportional to the fraction of undamaged DNA templates, the average lesion frequency per DNA per strand can be calculated as ¼ Àln A L /A H , where A L and A H represent the amount of amplification product of the DNA from the lupus patients and the age-matched healthy subjects, respectively. We corrected for possible differences in the amounts of mtDNA molecules by normalizing the amplification of the 8.9 kb mtDNA fragment compared with those of the 117 bp mtDNA fragment. Levels of mtDNA lesions were calculated by comparing PBMCs from SLE patients to the age-matched healthy controls.
Statistical analysis
Descriptive statistics were used to portray the study using the mean (standard deviation, SD) or median (25 th -and 75 th percentiles) for continuous data; frequencies and proportions were used for categorical data. Comparisons between cases and controls were done using the paired t-test (or Wilcoxon signedrank test as appropriate) and by McNemar's X2 test result for matched data. Association between mtDNA damage and SLE activity and damage scores were evaluated as continuous variables using pairwise correlation. Association between mtDNA damage and other parameters such as clinical manifestations, comorbid conditions and treatment modalities were done using unpaired t test statistics (or Mann-Whitney U test in the case of non-Gaussian distribution) and Pearson's chisquare test (or Fisher's exact test) as appropriate. Statistical significance was set at p < 0.05. The statistical analysis was performed using the statistical software STATA version 12 (STATA Corp, College Station, TX).
Results
The sociodemographic features, health-related behaviors and BMI of SLE patients and healthy individuals are shown in Table 1 . SLE patients had a lower level of education (13.7 versus 16.4 years of education, p < 0.001) and were less likely to have a private health insurance (20.9% versus 81.6%, p < 0.001) when compared to healthy individuals. BMI was higher among SLE patients than controls (28.3 vs. 25.9, p ¼ 0.019). No significant differences were found for age, gender, and cigarette smoking.
Of 86 patients with SLE, 80 were females (93%). The mean (SD) age was 37.9 (11.4) years (Table 1) .
The disease duration, cumulative clinical manifestations, serological features, pharmacologic treatment, disease activivity and damage accrual of SLE patients are depicted in Table 2 . The mean To determine if mtDNA damage is associated with SLE, we utilized QPCR to measure the extent of mtDNA oxidative damage and mtDNA abundance in PBMCs from SLE patients and healthy individuals. The QPCR assay measures oxidative damage as it detects most of the oxidative lesions produced by ROS (such as abasic sites and single-strand breaks), that represent blocks to the thermostable polymerase. SLE patients exhibited increased levels of mtDNA damage as shown by significantly higher levels (p ¼ 0.002) of mtDNA lesions compared to healthy subjects (0.41 lesions/ 10 kb/strand versus 0.10 lesions/10 kb/strand, respectively) ( Figure 1A ). Next we measured the abundance of mtDNA molecules and found a significant 11% decrease in mtDNA abundance as compared to healthy individuals (0.89 AE 0.14 versus 1.00 AE 0.17, (p < 0.001) ( Figure 1B) . In addition, patients with no major organ involvement showed a significant (p ¼ 0.003) 20% increase in the levels of mtDNA lesions compared to healthy individuals (0.489 lesions versus 0.101, respectively) ( Figure 2A) . Interestingly, patients with no major and major organ involvement showed a significant 10% (0.906 AE 0.151) and 13% reduction (0.87 AE 0.131), respectively, in the mtDNA abundance relative to healthy controls ( Figure 2B ). Among SLE patients, levels of mtDNA lesions as well as the mtDNA abundance were not significantly different in those with major organ involvement compared to patients with no major organ involvement (Figure 2A and B) . However, lupus patients with major organ involvement showed a tendency to have further reductions of mtDNA abundance compared to patients with no major organ involvement ( Figure 2B ).
There was a significant negative correlation between disease damage, as determined by SDI, and mtDNA abundance ( Figure 3A ; r ¼ À0.229, p ¼ 0.034), but no association was found between SDI and the levels of mtDNA lesions (data not shown). In addition, there was a positive correlation between disease duration and the number of mtDNA lesions ( Figure 3B ; r ¼ 0.231; p ¼ 0.034), but no association was found between disease duration and mtDNA abundance (data not shown). The number of mtDNA lesions and abundance were not associated with sociodemographic features, clinical manifestations, serologic markers, comorbidities, pharmacologic agents, and disease activity (by SLEDAI and SLAM) (data not shown).
Discussion
Several discoveries in recent years have established that the pathogenesis of SLE comprises multiple mechanisms leading to immunological Figure 2 Mitochondrial DNA damage in SLE patients with (n ¼ 38) and without (n ¼ 48) major organ involvement compared with healthy subjects (n ¼ 86). (a) Frequency of mtDNA lesions per 10 kb per strand is higher in patients with no major organ involvement. Statistical differences were observed in the number of mtDNA lesions between healthy subjects and SLE patients without major organ involvement (pairwise comparison test: *p ¼ 0.003), whereas no differences were found between healthy subjects and SLE patients with major organ involvement (pairwise comparison test: p ¼ 0.205). (b) Relative abundance of mtDNA molecules is lower in SLE patients with major organ involvement. Levels of mtDNA abundance were also significantly different between the groups (healthy subjects vs. SLE patients without major organ involvement (pairwise comparison test: *p ¼ 0.002) and healthy subjects vs. SLE patients with major organ involvement (pairwise comparison test: **p < 0.001). abnormalities. Although mitochondrial dysfunction has emerged as an important event associated with SLE and other chronic degenerative conditions, 6, 8 the causative mechanisms leading to mitochondrial dysfunction in autoimmune diseases have not been completely elucidated. In this study, we show that SLE patients exhibit significant levels of mitochondrial damage in the form of increased levels of mtDNA lesions and mtDNA depletion compared to healthy individuals. Among lupus patients, those with damage accrual and major organ involvement were more likely to have lower abundance of mtDNA molecules. In addition, we found a correlation between levels of mtDNA lesions and disease duration.
Previous reports show increased levels of oxidative stress or ROS-mediated damage to lipids and proteins in SLE, [18] [19] [20] [21] [22] [25] [26] [27] 37 however, these studies did not examine the effects of ROS on the mitochondrial genome. QPCR analysis showed a substantial increase in mtDNA damage in PBMCs from SLE patients, shown as a significant increase in the frequency of mtDNA lesions. Our results are in accordance with previous observations of increased levels of the oxidative lesion 8-oxo-deoxyguanosine (8-oxodG) in nuclear DNA from lymphocytes and polymorphonuclear leukocytes 38 and in urine 39 in SLE patients compared to healthy subjects. However, in these studies the authors did not determined levels of mtDNA damage. The increased levels of mtDNA lesions we observed are consistent with lupus patients exhibiting increased levels of oxidative stress and with mitochondria as important targets of ROS damage in SLE, as levels of glutathione and the activity of antioxidant enzymes are significantly reduced in SLE patients versus healthy controls 18, 20, 22, 27 and ROS levels are increased. 21, 27 The observation that levels of mtDNA lesions were significantly higher in lupus patients without major organ involvement relative to healthy controls supports the idea that lupus patients are undergoing a chronic state of oxidative stress and inflammatory processes leading to increased ROS generation. However, patients with major organ involvement showed decreased levels of lesions in the mtDNA compared to those with no major organ distress. It is possible that the significant increase in mtDNA damage we observe may trigger apoptosis of lupus PBMCs in patients with major organ involvement, thus resulting in decreased detection of mtDNA lesions. This idea is in accordance with the observation that SLE PBMCs exhibit increased apoptosis that correlate with disease activity. 40 Moreover, single-strand breaks in the mtDNA, a common oxidative lesion 41, 42 may induce apoptosis of mammalian cells. Tann and collaborators showed that the accumulation and persistence of single-strand breaks in the mtDNA induces mitochondrial dysfunction and apoptosis in human cell lines. 43 Interestingly, all lupus patients (independently of major organ involvement) showed a sustained loss of mtDNA molecules compared to healthy controls. The significant reduction in mtDNA abundance we observed in lupus patients compared to healthy controls further supports our hypothesis that oxidative damage to the mtDNA may be contributing to the progression of the disease, as loss of mtDNA molecules may result from oxidative damage. Indeed, treatment with hydrogen peroxide results in a significant loss of mtDNA molecules and reduced mitochondrial function in an embryonic cell line. 44 In another study, although no significant differences were found in the numbers of mtDNA copies in lupus patients compared to healthy individuals, mtDNA copy numbers decreased among lupus patients with low SLEDAI scores relative to patients exhibiting medium and high scores. 45 Thus, our findings suggest that mtDNA damage in the form of oxidative lesions or mtDNA depletion may be contributing to SLE pathogenesis.
Multiple studies have shown that mitochondrial hyperpolarization and ATP depletion occur in SLE. 6, 8 The increased damage to the mtDNA and the loss of mtDNA molecules we observe in our lupus cohort may contribute to lupus-associated mitochondrial dysfunction. The increased levels of mtDNA lesions and mtDNA depletion may contribute to impaired mtDNA replication causing defective synthesis of the mitochondrial ETC protein subunits, both resulting in ATP depletion/ mitochondrial dysfunction. A recent study found that the expression of mtDNA-encoded genes (involved in ATP synthesis) are downregulated in SLE patients 46 suggesting that reduced expression of mtDNA-encoded genes and ATP depletion may contribute to the pathology of SLE. Along this line is the observation that fibromyalgia patients exhibit a close association between mitochondrial dysfunction and reduced levels of coenzyme Q10, a mitochondrial electron carrier and antioxidant. 47, 48 Our results showing a negative association between damage accrual (SDI) and mtDNA depletion suggest that the loss of mtDNA molecules may be contributing to mitochondrial dysfunction and tissue damage in SLE. In addition, the frequency of mtDNA lesions is increased with longer disease duration suggesting that lupus patients are chronically exposed to oxidative processes that in turn lead to persistent mtDNA lesions. Alternatively, oxidative lesions to the mitochondrial genome may not be appropriately repaired in lupus patients. It has been shown that PBMCs from SLE patients exhibit an impaired ability to repair hydrogen peroxide-induced oxidative damage to the nuclear DNA. 39, 49 Defining whether mtDNA repair contributes to the increase in mtDNA lesion frequency we observe in SLE patients is an important future direction.
Our data did not reveal any association between disease activity (determined by the SLEDAI and SLAM) and mtDNA abundance or mtDNA lesion number. It is possible that our findings were influenced by the fact that around 50% of the SLE patients enrolled in this study had a SLEDAI of 0 and up to an 85% SLE patients had a SLEDAI <5, indicative of mild disease activity. Similar results were found for disease activity measured by the SLAM. Thus, the majority of our patients was in clinical remission or had mild disease activity at enrollment. These findings are in agreement with studies that have measured oxidative stress in SLE patients, which did not find an increase in oxidative markers in patients with stable or mild disease (24) . Conversely, other studies found a correlation between numbers of mtDNA copies (46) and oxidative stress markers only in patients with higher levels of disease activity. 18, 19, 22, 25, 37, 50 In addition, increased ROS generation 51 and glutathione depletion 27 were positively associated with disease activity. Taken together our results suggest that damage to the mitochondrial genome in the form of mtDNA lesions and/or mtDNA depletion are potential biomarkers to evaluate severity of disease/accrual damage. Moreover, our results further suggest that early interventions to prevent mtDNA depletion and mtDNA lesions may be relevant to treat SLE. We propose a model in which increased levels of mtDNA damage may play a role in SLE pathogenesis (Figure 4) . Oxidative stress may lead to increased levels of lesions in the mtDNA and to reduced abundance of mtDNA molecules. Thus, mtDNA damage in the form of lesions and mtDNA depletion may lead to mitochondrial transmembrane hyperpolarization, ATP reduction, further ROS generation, that in turn lead to tissue dysfunction/damage in SLE, thus, contributing to the progression and severity of the disease.
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